Abstract Laser crystallization is reviewed for the purpose of fabrication of polycrystalline silicon thin film transistors (poly-Si TFTs). Laser-induced rapid heating is important for formation of crystalline films with a low thermal budget. Reduction of electrically active defects located at grain boundaries is essential for improving electrical properties of poly-Si films and achieving poly-Si TFTs with high performances. The internal film stress is attractive to increase the carrier mobility. Recent developments in laser crystallization methods with pulsed and continuous-wave lasers are also reviewed. Control of heat flow results in crystalline grain growth in the lateral direction, which is important for fabrication of large crystalline grains. We also report an annealing method using a high-power infrared semiconductor laser. High-power lasers will be attractive for rapid formation of crystalline films over a large area and activation of silicon with impurity atoms.
Introduction
Polycrystalline silicon thin film transistors (poly-Si TFTs) have been applied to switching elements for liquid-crystal flat-panel displays used in notebook-type personal computers, mobile phones and flat-panel televisions [1] . Poly-Si TFTs have also been applied to logical integrated circuits because of their possibility of a high operation frequency T. Sameshima ( ) Tokyo University of Agriculture and Technology, 2-24-16, Nakamachi, Koganei, Tokyo 184-8588, Japan e-mail: tsamesim@cc.tuat.ac.jp [2, 3] . Fabrication of TFT circuits on plastic films is also attractive for cheap, flexible and light devices [4] . For this purpose, fabrication processes of TFTs at a low temperature are important because of low heat resistivity of glass and plastic substrate materials. The technologies of polycrystalline silicon thin film transistors (poly-Si TFTs) have been markedly developed in the last 20 years. Sameshima et al. developed excimer laser induced crystallization of amorphous silicon films formed on glass substrates [5] . They reported poly-Si TFTs using laser crystallization with a low processing temperature of 270°C. Many works on pulsed laser crystallization have been done to improve the low temperature fabrication processing of poly-Si TFTs [6] [7] [8] . The equipment of crystallization has been developed using a pulsed excimer laser for production of poly-Si TFTs at the present stage. Furthermore, crystallization of silicon films in the lateral direction has been widely investigated in order to fabricate poly-Si TFTs with high performances.
In this paper, laser crystallization technology is reviewed for formation of poly-Si films at a low processing temperature. Structural and electrical properties of silicon films are discussed. Passivation of the SiO 2 /Si interface and grain boundaries is discussed for fabrication of TFTs with a high mobility and a low threshold voltage. Crystallization of silicon films in the lateral direction using a pulsed laser as well as a continuous-wave laser is also referred to for TFTs with high performances. Moreover, we also report infrared semiconductor induced crystallization of silicon. A high-power infrared laser can have an advantage of laser crystallization with a short tact time. We also discuss activation of silicon implanted with phosphorus or boron atoms using a semiconductor infrared laser.
Laser-induced heating followed by melting of silicon and germanium films
Pulsed UV-laser light is effectively absorbed in the silicon surface because of a high absorption coefficient ∼10 6 S/cm of silicon at wavelengths lower than 350 nm. The absorbed light simultaneously excites the electronic states of silicon. The energy of the excited states is relaxed to lattice vibration states within the time on the order of 10 −12 s [9] . In the case of ns-order pulsed laser irradiation, lattice heat is, therefore, the most important interaction [10] . The heat energy generated at the surface region caused by light absorption diffuses into interior regions of silicon films. The high heat-diffusion coefficient of silicon allows heat diffusion into the underlying substrates. The heating characteristics of silicon films therefore depend on the thermal properties of the substrates [10, 11] . In a case of silicon films formed on glass substrates, heating properties of the silicon films such as the threshold energy density for crystallization are therefore governed by the heat diffusivity, the density and the specific heat of the glass substrates. The low heat diffusivity at ∼1.4 W/mK of glass results in localization of heat energy at a surface region about 300-nm deep during laser irradiation [12] . The system of silicon film/glass substrate gives an essential advantage of a low energy required for crystallization of silicon films. Transient conductance measurements are useful to observe rapid melting and solidification phenomena [13, 14] . Figure 1a shows the transient electrical conductance per unit area when a pulsed XeCl excimer laser with a pulse width of 30 ns was irradiated to 50-nm-thick Si films formed on a quartz substrate [15] . A laser energy density higher than 200 mJ/cm 2 was necessary to observe a significant increase in the electrical conductivity because of the high melting point of silicon films. The electrical conductance rapidly increased from 10 ns after laser irradiation. After the peak maximum, it rapidly reduced coincidentally with decreasing laser intensity. The maximum electrical conductance increased as the laser energy increased. It means that the silicon films were rapidly melted into a deep region by laser heating with a high intensity. Very rapid solidification was observed at 430 mJ/cm 2 . High energy laser irradiation induced melting of silicon films in the whole thickness. Molten silicon films remained in the liquid state and the latent heat was not released when they cooled below the melting temperature (undercooling). The undercooled liquid silicon rapidly solidified and the latent heat was released simultaneously from the whole thickness [16] . Figure 1b shows the maximum electrical conductance per unit area as a function of laser energy. The threshold energy of increase in the electrical conductance was determined by the melting point of silicon (1412°C). The increasing rate of the electrical conductance means that the increasing rate of melting depth with laser energy is indicated. It was naturally governed by the latent heat energy of 4171 J/cm 3 for Figure 1 indicates that the melting point and the latent heat govern the melting properties.
Structural and electrical properties
Fine-grain and disordered structures were observed near the crystallization threshold by a transmission electron microscope (TEM) [17] . The average grain size increased and disordered regions decreased as the laser energy density increased. The grain size of about 0.1 µm was observed at a laser energy density of 400 mJ/cm 2 for 50-nm-thick silicon films. The preferential crystalline orientation of the laser crystallized silicon films was (111), which was observed by X-ray diffraction because the interface control growth progresses from the nucleation sites at the bottom toward the top surface and the growth surface has the preferential crystalline orientation of (111) [17] .
In general, thin films on foreign substrates are subjected to stress. It is well known that pulsed laser crystallized silicon films on glass substrates sustain a tensile stress [18] . Strong tensile stress is introduced by the deposited silicon film rather than by the pulsed-laser crystallized silicon film. Pulsed-laser crystallization maintains the existing stress at Fig. 2 Tensile film stress as a function of deposition temperatures for as-deposited and laser-annealed samples. 50-nm-thick silicon films formed on quartz substrates at 200 and 300°C were microcrystalline and deposited by PECVD, while the films formed at temperatures above 300°C were amorphous and deposited by LPCVD the growth sites in the bottom region of the silicon film. Figure 2 shows the tensile film stress as a function of deposition temperatures from as-deposited and laser-annealed samples. The silicon films formed on quartz substrates at 200 and 300°C were microcrystalline and deposited by plasma enhanced chemical vapor deposition (PECVD), while the films formed at temperatures above 300°C were amorphous and deposited by low pressure chemical vapor deposition (LPCVD). Stokes Raman scattering spectra associated with the optical phonon of crystalline silicon were measured at room temperature. By comparing the peak wave number of the optical phonon obtained from silicon films and that obtained from a stress-free bulk silicon crystal, the strength of film stress was estimated [18, 19] . The as-deposited microcrystalline silicon films had the initial film stress induced during film deposition. After laser treatment, the tensile stress caused by laser irradiation was estimated as 2.7 × 10 8 and 1.5 × 10 8 Pa for the 200 and 300°C deposited films, respectively. The film stress increased from 3.5 × 10 8 to 9.7 × 10 8 Pa as the deposition temperature increased. These results show that the stress in the films changes little with the laser irradiation and significant tensile stress in silicon films is created during film formation. Tensile stress reduces the effective mass of the electrons and holes and it increases the carrier mobility [20] . The property of tensile stress of polySi films formed on quartz substrates is attractive for TFTs with a high carrier mobility.
Kitahara et al. precisely characterized the distribution of film stress of the laser crystallized silicon films using microRaman spectroscopy with a high spatial resolution [19] . The map of peak frequency shift indicated that the tensile stress is accumulated in grains and relaxed at grain boundaries. The tensile stress is estimated to be 1 × 10 9 Pa at the central region and 7 × 10 8 Pa at grain boundaries. In contrast, the density of electrically active defect states is concentrated at grain boundaries and few defects exist in grains. Laser crystallized silicon films have a serious density of defect states at grain boundaries [21] . Defects trap free carriers so that they affect carrier transport in polycrystalline films. Reduction of defects by post laser annealing is important for good TFT characteristics. Plasma hydrogenation has been widely investigated to terminate silicon dangling bonds with hydrogen atoms and reduce the density of electrically active defects [22] [23] [24] [25] . Oxygen plasma treatment is also effective to reduce the density of defects [26] . The silicon dangling bonds are oxidized by oxygen atoms and then they are not sensitive for carrier trapping. High-pressure H 2 O vapor heat treatment has also been developed for defect reduction at low processing temperature [27, 28] . Figure 3a shows the spin density as a function of the duration of heat treatment with 1.3 × 10 6 Pa H 2 O vapor at 260°C for 50-nm-thick poly-Si films formed by XeCl excimer laser irradiation at an energy density of 305 mJ/cm 2 . The ascrystallized films had a high spin density of 2.0 × 10 18 cm −3 owing to the dangling bonds localized at grain boundaries. The spin density was reduced to 6.5×10 16 cm −3 by increasing the treatment duration to 6 h. The dangling bonds were effectively passivated by heat treatment with high-pressure H 2 O vapor. The decrease in spin density was similar to an exponential decay with a single time constant of approxi-mately 110 min, as shown in Fig. 3a . This indicates that the defect reduction is governed by the pseudo-first-order reaction between the densities of dangling bonds and H 2 O molecules incorporated into the silicon films. Figure 3b shows the change in spin density by heat treatment with 1.3 × 10 6 Pa H 2 O vapor for 3 h as a function of heating temperature. The change in spin density was obtained by subtracting the spin density after H 2 O vapor annealing from the initial spin density. It increased as the heating temperature increased. A high temperature effectively reduced the spin density. The change in spin density was also similar to a single exponential decay, as shown in Fig. 3b . It means that the reduction rate of the spin density is proportional to the spin density. The activation energy E was estimated to be 0.26 ± 0.1 eV by fitting the single exponential curve to the change in spin density shown in Fig. 3b . It gives the reaction rate constant F in the simple equation F = Aexp(−E/kT), where A is the pre-exponential factor, k is the Boltzmann constant and T is the absolute temperature for heat treatment. The reaction rate increases with heating temperature. The reaction rate was the reciprocal time constant of the exponential decay of the spin density with time, as shown in Fig. 3 . The reaction rate was 1.5 × 10 −4 s −1 (=1/110 [min]) for 260°C treatment with 1.3 × 10 6 Pa H 2 O vapor. The pre-exponential factor A was therefore estimated to be 0.04 s −1 by the obtained reaction rates and activation energies. The estimations result in the spin density I decreasing with time t as I = I 0 exp{−0.04exp(−0.26/kT)t} for heat treatment with 1.3 × 10 6 Pa H 2 O vapor, where I 0 is the initial spin density. The low activation energy allows defect-state reduction at a low temperature. However, the pre-exponential factor was low. A long time is necessary for reducing the defect density. Our recent study revealed that the oxygen concentration increased after high-pressure H 2 O vapor heat treatment, and that the hydrogen concentration decreased [29] . These results indicate a possibility that dangling bonds are well oxidized and oxygen atoms terminate dangling bonds at grain boundaries.
Poly-Si TFT fabricated by excimer laser crystallization and its characteristics
In order to apply laser crystallization to fabrication of polySi TFTs with high performances, defect passivation is necessary for the SiO 2 /Si interface as well as silicon films. Because SiO 2 films formed at low temperatures are not thermally relaxed states in general, defect states can be generated at the SiO 2 /Si interface. Several technologies have been developed in order to form SiO 2 with a low density of defect states at low temperatures. There have been, for example, electron cyclotron resonance plasma CVD, remote plasma CVD, plasma sputtering and molecular beam deposition. We formed by the molecular beam deposition method. The density of interface trap states for the initial SiO 2 film was evaluated to be 3.3 × 10 12 cm −2 . The H 2 O vapor heat treatment reduced the density of interface trap states with increasing treatment duration. The interface trap state density was effectively decreased to 5.1 × 10 10 cm −2 eV −1 by the treatment at 260°C for 3 h. The density of fixed oxide charges was also reduced from 2.1 × 10 11 (initial) to 1.3 × 10 11 cm −2 by the treatment for 3 h, as shown in Fig. 4 . Poly-Si TFTs were fabricated by the pulsed excimer laser crystallization and the defect reduction method [30, 31] . 7 × 10 20 cm −3 phosphorus with a thickness of 30 nm was first formed on glass substrates at 330°C using plasma enhanced chemical vapor deposition (PECVD). The doped films were removed at the channel region with a length of 25 µm by etching and they were used as dopant sources for forming source and drain regions. 25-nm-thick undoped a-Si:H films were then deposited using PECVD over the whole area. The silicon layers were crystallized by irradiation of a 30-ns pulsed XeCl excimer laser at 300 mJ/cm 2 . Undoped crystallized regions were used as the channel region. Source and drain regions were simultaneously formed through diffusion of phosphorus atoms into the overlaying silicon layer during the laser crystallization. The melt duration of silicon during laser crystallization was shorter than 100 ns so that the diffusion distance of the dopant atoms was at most 60 nm in liquid silicon [32] and the 25-µm channel length hardly changed. After laser crystallization, silicon films were heated in 1.3 × 10 6 Pa H 2 O vapor for 3 h for reduction in defects of the silicon films. The silicon films were then patterned by etching for isolation. The molecular beam deposition method was used for formation of the gate insulator. The 100-nm-thick SiO 2 films were then deposited at room temperature using evaporation of SiO powders in oxygen radicals produced by induction-coupled plasma. Gate, drain and source electrodes were formed with Al metal. After fabrication of the TFT structure, the samples were heated in 1.3 × 10 6 Pa H 2 O vapor for 3 h for improving SiO 2 /Si interface characteristics. Figure 5 shows the transfer characteristics of the poly-Si TFTs. The TFT fabricated with no defect reduction showed a very low drain current and a high threshold voltage because of a carrier-trapping effect by defects. On the other hand, heat treatment with high-pressure H 2 O vapor markedly increased the drain current in the low gate voltage region because of defect reduction. The mobility increased to 600 cm 2 /V s and the threshold voltage decreased to 0.9 V. Figure 6 shows changes in the carrier mobility and the threshold voltage with 1.3 × 10 6 Pa H 2 O vapor heat treatment for 3 h. Although the carrier mobility was very low and the threshold voltage was high for a poly-Si TFT fabricated with no H 2 O vapor heat treatment because of a high density of defect states, the carrier mobility was increased to 360 cm 2 /V s and the threshold voltage was decreased to 2.3 V by H 2 O vapor heat treatment after laser crystallization. Defect reduction in poly-Si was essential for fabrication of TFTs with high performances. Additional H 2 O vapor heat treatment after TFT fabrication further increased the carrier mobility to 600 cm 2 /V s and reduced the threshold voltage to 0.9 V. Defect reduction at the SiO 2 /Si interface was also important to improve TFT characteristics. The numerical analysis of transfer characteristics resulted in TFTs after defect reduction treatment still having defects. Defects were mainly tail-type states with a width of 0.2 eV and the density of 2 × 10 12 cm −2 , which were located in silicon. The defect states were occupied by 1 × 10 11 cm −2 at the threshold voltage at 0.9 V because the Fermi level is located at 0.9 eV measured from the valenceband edge. Most of the defect states stay just below the conduction-band edge. Although the tail-type states allow a low threshold voltage for the drain-current increase, the numerical analysis suggests that there was still a high density of unoccupied defect states for gate voltages above the threshold voltage.
Formation of large crystalline grains
Grain growth in the lateral direction is important for formation of large crystalline grains in thin silicon films. Many laser crystallization technologies have been investigated for lateral grain growth in order to look for fabrication of singlecrystalline TFTs with no grain-boundary effect. Im and Kim have reported a rapid lateral grain growth of ∼5 µm by a single-pulse irradiation of an excimer laser with an energy just below the complete melting threshold energy without heating the substrate [33] . Oh et al. reported crystalline grain growth of ∼5 µm using a phase-shift mask in order to make a spatial distribution of the excimer laser intensity for generation of a temperature distribution [34] . Van der Wilt et al. achieved the control of crystalline nucleation by thick silicon films and fabricated crystalline grains that were spatially controlled [35] . They fabricated poly-Si TFTs with an electron mobility of 345 cm 2 /V s in their silicon films with a processing temperature of 545°C. Okumura and co-workers developed a comb-shaped excimer laser beam to induce a temperature gradient in the lateral direction. They achieved grain growth 5-µm long and a TFT with an electron mobility of 677 cm 2 /V s with a processing temperature of 450°C [36] . Han and co-workers reported 5-µm-long lateral grain growth by an excimer laser using air-gap strips below silicon films. They also fabricated a TFT with an electron mobility of 452 cm 2 /V s [37] .
Laser heating using a continuous-wave (CW) laser beam with a Gaussian intensity profile is also attractive for meltinduced crystallization of silicon films formed on glass substrates [38, 39] . The peripheral region of the molten zone is cooler than the central region and the crystalline growth will start from the molten polycrystalline silicon and proceed to the central region. Unmolten silicon at the boundary of the molten zone acts as a seed for the crystallizing silicon. A high-power diode-pumped solid-state CW laser (Nd:YVO 4 ) has been recently developed. Hara et al. applied the laser to crystallization of silicon films [40] . They investigated the condition of lateral crystallization with large grains (∼20 µm). They fabricated a poly-Si TFT with an electron mobility higher than 566 cm 2 /V s and a hole mobility of 200 cm 2 /V s in the silicon films with large crystalline grains. Tai et al. developed a crystallization method using an excimer laser for crystalline nucleation formation and a CW green laser for lateral crystallization from the nucleation sites. They reported good TFTs with an electron mobility of 460 cm 2 /V s [41] .
Infrared laser annealing
We have proposed laser crystallization of silicon films by an irradiation laser using diamond-like-carbon (DLC) films as the photo-absorption layer [42, 43] . DLC has been widely utilized for technological and industrial applications. Its optical absorption property is also attractive. DLC has low refractive indices of 1.3-1.9 and can have a high extinction coefficient of ∼0.8 for wavelengths from 250 to 1000 nm. Therefore, infrared laser diodes or YAG lasers can be used for crystallization of silicon films by the assistance of optical absorption with DLC, while silicon films have almost no optical absorbance in the infrared wavelength range. The power intensity of a continuous-wave (CW) laser diode is very stable and easily modulated by controlling the electrical current. Especially, a near-infrared laser diode has a markedly high durability with a lifetime longer than 10 000 h. The laser diodes have a high energy conversion efficiency above 50%. They can be easily assembled and give a power intensity higher than 10 kW.
A fiber-coupled continuous-wave laser diode with a wavelength of 940 nm and a beam spot size of 180 µm was used for annealing samples. 50-nm-thick amorphous silicon (a-Si) films were coated with graphitic DLC films with thickness of 200 nm by the unbalanced magnetron Fig. 7 Crystalline volume ratio of 50-nm-thick silicon films formed on quartz substrates as a function of the 940-nm CW laser dwell time at a laser power intensity of 24.7 kW/cm 2 . The crystalline volume ratio was obtained from analysis of the optical phonon peak in Raman scattering spectra sputtering (UBMS) method [44] . The formation of 200-nmthick DLC films resulted in an optical absorbance of 0.64 at 940 nm. Laser irradiation was conducted with different laser dwell times controlled by the beam scanning velocity. The carbon layer was removed by oxygen plasma treatment. Figure 7 shows the crystalline volume ratio as a function of the laser dwell time at a laser power intensity of 24.7 kW/cm 2 . The crystalline volume ratio was obtained from analysis of the optical phonon peak in Raman scattering spectra. Crystallization was observed at a laser dwell time of 0.18 ms. The crystalline volume ratio increased as the laser dwell time increased to 0.3 ms. A sharp phonon peak was observed with a high crystalline volume ratio of 1.0 for laser dwell times longer than 0.3 ms, as shown in the inset. This suggests that the DLC films effectively absorbed the 940-nm infrared laser light and were heated to a sufficiently high temperature to crystallize silicon films. Electron backscattering measurement revealed that the crystalline grain growth with a size of 3 µm was achieved by laser annealing for 0.4 ms.
Moreover, the present method was applied for rapid activation of impurities [45] . The activation of impurity atoms using rapid annealing technologies is important for the formation of shallow junctions to fabricate a shallow source/drain extension region with a depth of 10 nm in MOS transistor devices for a 45-nm node [46] [47] [48] . It has not been realized by conventional rapid thermal annealing (RTA).
Thin silicon dioxide (SiO 2 ) layers with a thickness of 7.9 nm were grown over n-type and p-type Si(100) substrates with resistivities of 10-15 cm prior to an implantation operation as screen oxide layers. The ion implantation of boron (B) and phosphorus (P) impurities was conducted using P and BF 2 ions. The ion energies were 7.5 keV for P + and 10 keV for BF + 2 . The doping concentration was 1.5 × 10 15 cm −2 . 7.5 × 10 14 cm −2 phosphorus and boron atoms were incorporated into silicon. DLC films with a thickness of 200 nm were then formed on the silicon surface by UBMS. The samples were irradiated with a 940-nm Fig. 8 In-depth profiles of phosphorus (a) and boron atoms (b) in as-implanted and laser-annealed cases. Similar in-depth profiles were observed between the as-implanted and laser-annealed cases. Implantation with 7.5-keV P + and 10-keV BF 2 + ions with a concentration of 1.5 × 10 15 cm −2 was carried out to silicon wafers coated with 7.9-nm thermally grown SiO 2 layers laser with a peak power density of 81 kW/cm 2 . The dwell time of the laser beam was 2.6 ms. After laser irradiation, the carbon layers were removed by oxygen plasma treatment. The screen oxide layers were also removed using HF solutions. Figure 8 shows the in-depth profiles of phosphorus (a) and boron atoms (b) in as-implanted and laserannealed cases. Similar in-depth profiles were observed between the as-implanted and laser-annealed cases. The depth at 1 × 10 18 cm −3 was 45 and 49 nm for phosphorus and boron implantation, respectively, in the as-implanted case. On the other hand, it was 46 and 52 nm for phosphorus and boron implantation, respectively, in the laser-annealed case. Only 3-nm diffusion was observed. The Raman scattering measurement revealed that laser irradiation at 81 kW/cm 2 for 2.6 ms completed recrystallization at the surface regions associated with reduction of the disordered broad band around 480 cm −1 caused by ion implantation. The sheet resistance was reduced to 242 and 531 /sq for phosphorus and boron doping, respectively. Highly efficient activation was achieved with very low diffusion of dopant atoms by laser annealing. We consider that the silicon surface regions were heated to a very high temperature by laser annealing, causing the recrystallization of implanted regions. By heatflow calculation, we estimated that the heating duration for temperatures above 1300°C was about 1.5 ms. The short heating duration kept the diffusion length low as shown in Fig. 8 . Millisecond heat treatment will be important in activating the implanted regions while keeping initial dopant concentration profiles.
Summary
Rapid laser crystallization of silicon films was discussed for forming polycrystalline silicon thin films used to fabricate poly-Si TFTs. A pulsed laser rapidly heats silicon films and melts them. Rapid melt-regrowth of silicon films results in poly-Si films with small crystalline grains ∼0.1 µm and a preferential orientation of (111). We revealed that the stress of laser crystallized films was mainly determined by stress at the bottom interface depending on the film-formation temperature. Electrical properties of poly-Si films were governed by defects located at grain boundaries. Treatments of hydrogen plasma, oxygen plasma and high-pressure H 2 O vapor were developed in order to reduce the density of defect states. TFT fabrication was reported using high-pressure H 2 O vapor heat treatment. A low threshold voltage of 0.9 V and a high mobility of 600 cm 2 /V s resulted from defect reduction in poly-Si silicon and gate insulator/silicon interfaces. Recent developments in laser crystallization methods with pulsed and continuous-wave (CW) lasers were reviewed. The controls of the heat flow and the crystalline nucleation have resulted in lateral crystalline grain growth in a few micrometers. Those techniques are important for fabrication of large crystalline grains and high-performance TFTs. We reported an annealing method using a high-power infrared semiconductor laser. Silicon films were successfully crystallized by the infrared laser using a carbon optical absorption layer. Grain growth in a few microns was achieved. The activation of the silicon implanted with phosphorus and boron atoms was achieved by laser annealing for samples implanted with P + atoms at 7.5 keV and BF 2 + atoms at 10 keV with a concentration of 1.5 × 10 15 cm −2 through the 7.9-nm screen oxide layers. Laser annealing at 81 kW/cm 2 for 2.6 ms completely recrystallized the implanted regions while keeping the initial in-depth profiles within a diffusion length of 3 nm. The resistance was reduced to 242 and 531 /sq for phosphorus and boron doping.
